Recently, the potential advantages of using single-mode optical fibers within free-space laser communication systems has been recognized. Of particular importance within an optical receiver is the spatial tracking system, which must couple the received signal into a single-mode optical fiber in the presence of environmental disturbances. Because optical beamwidths are small (irad) and typical disturbances can be large (mrad), this requirement makes the design of the spatial tracking subsystem an important and difficult part of an optical receiver. Previous systems have utilized mechanical techniques for nutating the tip of the receiving fiber to derive tracking information. A new technique, based on using a fixed fiber and an electro-optic beam deflector, is proposed. Design considerations and experimental results are presented.
INTRODUCTION
It has been recognized that a free-space optical communication system can offer a performance improvement over conventional microwave technology by exploiting the relatively large antenna gains and higher data transmission rates available. Because optical beamwidths are very narrow (jirad) and typical space-borne environmental disturbances can be large (mrad), the design of spatial tracking systems at optical frequencies is a challenging problem. A number of papers have been written on the design of these systems [1] [2] [3] [4] [5] [6] [7] [8] [9] . The use of a single-mode optical fiber in these systems can add increased flexibility to their optical and mechanical design by allowing the remote location of many components from the telescope and front-end optics. The resulting modular system can be smaller, lighter and less complex; it allows compatibility with the large existing fiber technology base. This paper discusses a free-space optical communication receiver using a single-mode optical fiber and an electro-optic nutation scheme to derive tracking error information.
A block diagram of the heterodyne receiver we studied is shown in Fig. 1 . Although a heterodyne system is shown, the results are easily extended to direct detection systems. The key element is the electro-optic modulator (EOM). It imposes a small angular scan of received signal field to create tracking information. After the signal and local-oscillator fields combine within the fiber coupler, they are mixed by a photodiode, amplified, and bandpass filtered. This r.f. signal is sent through an automatic gain control stage and to the demodulation electronics. The demodulator produces azimuth and elevation tracking error estimates, which are then sent, via loop compensation and a power amplifier, to steering mirrors, completing the loop. After a brief discussion of the nutation concept, the noise performance, gain normalization performance, and the rejection of the spatial tracking loop for this receiver architecture are presented.
3_. MUTATION CONCEPT
Spatial tracking systems using mechanical nutation techniques have been investigated [1, 2] . Mechanically inducing a small nutation on the tip of the receiving optical fiber in the focal plane of the incoming signal field can provide tracking error estimates. As shown in Fig. 2 [3] , if the incoming signal beam is centered on the receiving fiber, the circular scan of the fiber tip traces out a constant power contour of the fiber coupling profile and the amount of coupled power remains constant On the other hand, an off-center incoming signal beam will iravel up and down the coupling profile. The resulting fluctuations in coupled power contain the tracking information. The receiver we studied relies on the complimentary approach to the same basic nutation concept. The same fiber coupling profile can be derived if one is able to nutate the incoming signal field in the focal plane of a stationary single-mode optical fiber. The EOM is used to accomplish this task.
The EOM used in our receiver (shown in Fig. 3 ) measures 0.8" x 0.5" x 0.6" and was designed by Conoptics, Inc. Inside the device are two lithium-tantalate crystals with a X/2 plate in between them. Each crystal has electrodes configured to approximate an electric quadrapole. An incoming laser beam is deflected an amount proportional to the applied voltage across each crystal through the electro-optic effect. Lithium-tantalate was chosen for its high electro-optic coefficient. Since deflection only takes place along the polarization axis, a A/2 plate is placed between the crystals. In this manner two dimensional deflections of the incoming laser beam can be achieved.
The measured performance for the EOM used in our receiver is summarized in Table 1 . When compared to mechanical nutation techniques, the EOM has several advantages. The EOM is small, rugged, lightweight and requires low power. Also, because a mechanical nutator is a mechanically resonant device, it can only be driven at its resonant frequency. Further, it is sometimes difficult to align the azimuth and elevation resonances. This results in additional complications. The EOM does not suffer from these limitations. Although we operated the EOM at a driving frequency of 46.8 kHz in our receiver, its bandwidth was measured to be more than 100 kHz. Another possible advantage is the expected increased long term reliability of an non-mechanical system over a mechanically resonant one.
The advantages of the EOM do not come without a price. There are two unavoidable coupling losses associated with placing the EOM into the signal field path: insertion loss and wavefront distortion. The EOM absorption loss (-0.3 dB) is dominated by the imperfect AR coatings on its surfaces. The wavefront distortion (A/15 rms), measured by a WYKO Corp. Ladite interferometer, is a result of poor crystal quality. This results in a coupling loss approximately equal to the Strehl ratio (-1 dB). We are confident a future generation EOM with narrow band AR coatings (yielding 0. 1 dB transmission loss) and crystals selected for best wavefront quality (yielding 0.4 dB Stehi loss) can reduce the total coupling loss to less than 0.5 dB. The deflection sensitivity of the EOM, 0.17 prad/V, requires a driving voltage of 350V to achieve our desired nutation depth of 0.36 beainwidths. The EOM's measured impedance is mainly capacitive (9-lOpF) throughout its entire operating bandwidth. Because we only need to drive the EOM at the selected nutation frequency, its impedance can be made to appear large by resonating the EOM across the secondary windings of a transformer. By selecting a transformer turns ratio sufficient to step up standard voltage levels to the driving voltage required by the chosen nutation depth, the resulting circuit can be driven by an op-amp. Using transformers to step up to the high driving voltages right at the EOM has the added benefit of localizing the high voltages to the vicinity of the EOM device, there by making shielding easier.
The two transformers were made from Ferrox Cube 3B9, 2213A600 ferrite material pot-cores, each with 15 turns on the primary side, and 600 turns on the secondary side, yielding a turns ratio of 40: 1. When the transformer resonance was tuned to our driving frequency of 46.8 kHz, the measured resistive impedance of the EOM, seen from the primary side of the transformer, was >1 k.Q, an impedance which can be driven by any common op-amp. The impedance of the drive stays above 500 for a frequency range of approximately 36.8 kHz <f< 56.8 kHz; much larger than the expected drift in a typical oscillator. The turns ratio of 40: 1 made the voltage required at the primary side of the transformer 8.8 V, for a total power drain of only 77 mW which is easily supplied by the OP-42 driving op-amps used.
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4_, NOISE PERFORMANCE
The total tracking error (a2T) consists of two parts, 2c -the uncompensated tracking error (disturbances that the tracking ioop cannot track out), and the noise equivalent angle (NEA) -the tracking error induced by noise: cñ=cy+NEA2 (1) A theoretical expression of the NEA for a nutation heterodyne tracking system assuming a plane wave signal beam and Gaussian fiber mode profile has been shown to be [4J:
where NEB is the noise-equivalent-bandwidth of the tracking ioop, CNR is the receiver carrier to noise density ratio (assuming shot noise limited detection), W is the noise equivalent bandwidth of the heterodyne if frequency filter, i is the optical detector quantum efficiency, h is Planck's constant., v is the operating frequency, A is the operating wavelength, d is the aperture diameter of the received signal beam, a is the effective l/e2 radius of the fiber mode in collimated space, sig is the received signal power, and 4 is the nutation depth. Although they are shown as separate sources in Fig. 1 ,both the signal and local-oscillator beams were derived from a single 830 nm GaA1AS semiconductor laser. This laser was collimated, sent through two optical isolators and through an acousto-optic modulator (AOM) operating at our heterodyne i.f. frequency of 600 MHz. The inclusion of this device serves two useful purposes: it simplifies the optical setup, because only a single laser source is required, and it provides a means of setting the receiver signal power. Because its intensity is proportional to the amount of acoustic power delivered to the AOM, the first-order beam from the AOM served as the signal beam in our receiver, and the zero-order beam was used as the local-oscillator. The signal beam was then focused into a 1 km spool of polarization preserving York HB800 fiber. This fiber spool also served two purposes: it decorrelated the frequency noise in the signal and localoscillator beams to the natural 10 MHz i.f. linewidth and cleaned up the spatial mode profile of the beam. Note that the i.f. bandwidth of 800 MHz was chosen to allow for a FSK modulation spectrum. The collimated output from this fiber was then sent through a 4x beam expander. This expanded beam was reflected off two one-axis fast steering mirrors (FSMs), shown as the two-axis FSM in Fig 1 , and sent through the EOM described previously. The EOM had a clear aperture of 5 mm, and transmits the approximately planar center portion of the expanded Gaussian signal beam. The nutated signal field at the output of the EOM was focused into a fiber coupler and combined with the local-oscillator.
One output of the fiber coupler was sent to a photodetector (-2 mW L.O. power) and the other to an optical power meter.
A balanced receiver architecture, where both coupler outputs are sent to separate photodetectors and their signals subtracted, has been shown to offer better performance [5] , but was not used at this time.
Another element used for system performance measurements not shown in Fig. 1 was a precision optical wedge inserted in the signal beam path between the FSM and the EOM. This wedge deflected the signal field a known amount, determining the discriminator gain in terms of Volts/beamwidth. To measure the tracking loop NEA, a measurement of the noise density of the tracking error signals was taken at 1 kHz (our targeted loop crossover frequency) by a Hewlett Packard Dynamic Signal Analyzer and calibrated to beamwidths using the optical wedge. With the tracking loop open, the noise spectrum of the tracking error signals was experimentally measured as being flat out to >10 kHz.
A plot of the best measured open-loop noise performance for our receiver is shown in Fig. 5 . This graph was produced by using the AOM to set the receiver CNR to within dB , and taking a calibrated measurement of the tracking ioop NEA (as described above), at each point. The NEA performance shown in Fig. S is in good agreement with theory (Eqn. 2) from 70 to -95 dB CNR, where the measured performance levels off. The slight shift to the right at low CNR is probably a result of the wavefront distortion in the EOM. The measured NEA levels off around -47 dB BWMIIi, corresponding to a noise equivalent angle of 0.0012 beamwidths (for a tracking loop NEB of 3.5 kHz). This floor is due to post detection noise in the demodulation electronics, but is of no consequence due to its small value. The noise performance of the elevation tracking loop was consistently '4 dB worse than that of the azimuth tracking loop; however, this can be attributed to the slight ellipticity in the mode profile of the polarization preserving fibers used.
AUTOMATIC GAIN CONTROL
Spatial tracking error estimates are produced by synchronously demodulating the received i.f. signal power. They are proportional to the received signal power as well as the azimuth and elevation tracking errors. Without some form of gain normalization in the tracking loop, fluctuations in received signal power will modulate the tracking open-loop gain. An increase in received signal power greater than the originally designed gain margin of the tracking loop would force the feedback loop into instability. Conversely, decreases in received signal power could reduce the rejection of the tracking loop to a point where a loss of lock on the signal beam can occur. Clearly, some form of normalization or automatic gain control (AGC) must be performed.
Normally the baseband component of the detected i.f. signal power could be used for normalization. However, at low CNR the dc component of the noise at the output of the square-law detector dominates the signal. In order to extend the operation of the tracking system into the low CNR region, this dc noise component must be canceled out. The AGC scheme used in our receiver was also outlined in the block diagram of Fig. 1 . From the figure, the heterodyne signal passed by the if bandpass filter is amplified and sent through a voltage controlled attenuator. Half of this signal power is then sent to the tracking electronics, and the other half is sent to two matched response, square-law detectors and used for AGC. One branch of this AGC signal is sent through a narrow band filter (200 -280 MHz) that passes some of the noise but none of the heterodyne signal. This portion of the noise is amplified and used as an estimate of the entire noise density in the wide channel. These two signals are subtracted, leaving an estimate of the received signal power. A reference signal power is subtracted from the estimated signal power. This difference serves as an error signal for the AGC stage. A nonlinear transformation is also performed within the AGC control loop, not changing the basic operation of the loop, to keep its bandwidth constant as signal power varies. The AGC bandwidth was 100 Hz.
The method used to measure NEA provides a measure of the functionality of the AGC as well. Recall that an optical wedge was inserted in the signal beam path just before the EOM to determine the discriminator gain of the tracking system. If the AGC is functioning properly this measured discriminator gain should remain constant as the CNR is varied. In Fig. 6 a plot of this AGC performance is compared to an earlier AGC control loop that does not use the dc noise canceling scheme. From the figure, our AGC control loop performs well down to -77 dB CNR (an i.f. signal-to-noise ratio of < -10 dB), extending the old AGC range more than 15 dB. Around 77 dB CNR, the AGC loop is not attenuating the heterodyne signal power at all, and any further decrease in received signal power is not corrected. The gentle roll-off in AGC performance at lower CNR is desirable because as the NEA approaches significant fractions of a beamwidth, it is desirable to lower the tacking loop noise-equivalent-bandwidth (NEB). Typically the gain decrease margin of the tracking loop is sufficient to accommodate this.
CLOSED LOOP TRACKING PERFORMANCE
The other source of tracking error, spatial disturbances that the tracking system cannot track out, auc2 are determined from the tracking ioop rejection. This can be seen by expressing auc2 from Eqn. 1 in terms of the rejection of the tracking ioop R(f) and the power spectrum of the angular disturbances S(t): = JIR(f)12S9(t)df (6) To provide adequate tracking performance, the rejection of the tracking ioop must be sufficient to reduce Cuc2 below a specified level. The rejection of the azimuth tracking ioop, measured with both tracking-loops locked, is shown in Fig. 7 . The performance of the elevation tracking loop was almost identical. The measured -3 dB bandwidth point of the closed loop transfer function was -'2 kHz. The figure shows the tracking system rejection at the highest and lowest CNR values (80 dB and 1 10 dB) where two-axis tracking was able to maintain lock. The fact that the rejection did not change as CNR was varied is further evidence that the AGC circuit was functioning. The measured rejection is '-65 dB at 10 Hz and continues to roll-off at lower frequencies, leveling off at '-90 dB rejection around 1 Hz. Useful tracking rejection (< -3 dB) is supplied up to 500 Hz.
CONCLUSIONS
We believe that a heterodyne receive: architecture using an electro-optic modulator (EOM) and a single-optical fiber can offer a design improvement over existing mechanical nutation techniques, at the expense of a small additional coupling loss. The EOM is small, lightweight and rugged. It can operate over a broad range of frequencies and can be driven by a simple op-amp requiring low power. We have demonstrated its successful operation in a two axis tracking system. 
